In this work, phonon deformation potentials for E 2 H and A 1 ͑LO͒ phonons of epitaxial hexagonal GaN thin films grown by metalorganic chemical vapor deposition on Si ͑111͒ substrate were precisely determined with a stress modulation method, which was achieved via coin-shaped patterning of an originally flat film. By changing the size of patterned coin-shaped islands, the original biaxial stress in the flat film was reduced to different levels at the island centers, which was analyzed by finite element calculations. The proposed stress modulation method allows one to carry out a large number of Raman scattering tests, thereby leading to reliable results. With this method, the Raman biaxial pressure coefficients of E 2 H and A 1 ͑LO͒ phonons of GaN were determined to be 4.47 cm −1 / GPa and 2.76 cm −1 / GPa, respectively.
I. INTRODUCTION
Gallium nitride ͑GaN͒ is one of the most promising semiconductor materials because of its tunable wide energy band when alloyed with AlN and InN, excellent electron transport property and outstanding inertness. 1 As one of its important applications, large scale production of GaN-based bright and energy-efficient white-light light-emitting diodes give revolutionary impacts to the illumination technology and may even crucially ameliorate our environment by decreasing the amount of fossil fuel used to produce electricity. 2 However, residual stresses, which are detrimental to the performance of GaN-based devices, 3, 4 usually exist in epitaxial GaN thin films due to lattice mismatch and/or thermal mismatch. To properly estimate residual stresses in synthesized GaN thin films with high spatial resolution, microRaman spectroscopy has been extensively implemented due to its simplicity and nondestructive nature, which requires precise values of phonon deformation potentials ͑PDPs͒ to link Raman shift or split to stress. 5 When a wurtzite crystal is biaxially deformed, hydrostatically deformed or uniaxially stressed along its c-axis, frequencies of E 2 H and A 1 ͑LO͒ phonons only shift. 5, 6 The Raman shift is related to strain components x , y , and z with PDP constants ␣ and ␤, or ␣ and ␤ , by following expression:
where and denote strain and stress, respectively, and the z-axis is parallel to the crystalline c-axis. When zz GaN =0, xx GaN = yy GaN , and xx GaN = yy GaN , the stress state is biaxial and Eq. ͑1͒ is reduced to:
where the biaxial pressure coefficient K B is widely used to estimate the biaxial stress in GaN thin films, and thus is very important in practical applications. [7] [8] [9] Besides some theoretical works, 6, 10 limited experimental reports on the PDPs could be accessed in the literature. 6 As summarized in Table I , there is a considerable discrepancy among the reported PDPs of the E 2 H phonon mode of GaN. 13, [15] [16] [17] This might be due to the difficulty in preparing GaN samples with different levels of biaxial stress so that only limited numbers of experimental data in Raman shift versus stress were available. The Raman shift in the A 1 ͑LO͒ mode in GaN crystals is particularly important in resonant scattering and thus the Raman biaxial pressure coefficient is very critical.
14 However, only two values of PDP of the A 1 ͑LO͒ mode have been reported with a great discrepancy ͑0.9 and 1.91 cm −1 / GPa͒. Clearly, large number of tests should be conducted to have reliable values of PDPs of GaN crystals.
In the present work, stress modulation via coin-shaped patterning method was proposed, with which biaxially stress state at different relaxed levels could be assigned by finite element analysis ͑FEA͒ and realized by using the microfabrication technique. Thus, it becomes possible to experimentally determine Raman biaxial pressure coefficients of E 2 H and A 1 ͑LO͒ phonon modes of GaN crystals, thereby leading to reliable PDPs.
II. EXPERIMENTS
In this study, nominally undopped GaN epitaxial layers were grown by metal-organic chemical vapor deposition ͑MOCVD͒ on Si ͑111͒ substrates in an Aixtron 2000HT system. Trimethylgallium, trimethylaluminum, and ammonia ͑NH 3 ͒ were used as precursors for Ga, Al, and N, respec- tively, and H 2 was used as carrier gas. Prior to the deposition, Si substrates were heated up to 1180°C for 10 min under H 2 ambient to remove the native oxide on the Si surfaces. Then, an AlN nucleation layer ͑ϳ40 nm͒ was deposited, followed by the growth of 1-m-thick GaN layer. Biaxial residual stress in the GaN epitaxial layer was determined to be 1167.29Ϯ 146.37 MPa with an optical stress meter ͑Scien-tific Measurement Systems, Inc., Model SMSi 3800͒.
As shown in Fig. 1 , with the synthesized GaN samples, coin-shaped islands with radius ranging from 3 to 60 m were fabricated by using inductively coupled plasma reactive ion etching with SiO 2 as hardmask, whereas the 0.3 m SiO 2 layer was deposited onto the samples with plasma enhanced chemical vapor deposition system ͑Allwin 21 Corp., STS 310PC PECVD͒. The spacing between the islands was larger than at least twice of the island diameter, which was sufficient to eliminate interference between them.
With Renishaw Invia RM3000 Raman spectrometer and 50ϫ objectives, Raman measurements were performed at ambient temperature in backscattering geometry using a 514 nm air-cooled Ar + laser as an excitation source. With 65 m slit-width of the spectrometer, the accuracy of the Raman measurement is 0.2 cm −1 . Meanwhile, the excitation power was 1.25 mW on the sample surface, corresponding to an excitation power density of around 1.6ϫ 10 5 W / cm 2 to avoid any potential local heating. Moreover, as shown in Fig.  2 , the incident beam was focused at the island center where biaxial stress exists. Raman spectrum was measured four times for average at every island center. Moreover, the z͑x , x͒z + z͑x , y͒z back scattering geometry mainly selects the E 2 H and A 1 ͑LO͒ phonon modes. Lorentzian fitting was used to determine the precise peak positions from raw data.
III. ANALYSIS
In the present study, stress analysis was carried out on one single GaN island, with its bottom bonded to the Si substrate and its lateral sides traction-free. FEA was conducted with commercial software ANSYS V10.0 and 20-node quadratic solid186 element. For simplicity, both of GaN thin film and Si substrate were assumed to be mechanically isotropic. Young's modulus of 185 GPa and Poisson's ratio of 0.26 were used for the Si ͑111͒ substrate. 18 The Young's modulus of 287 GPa of the as-prepared GaN thin films determined from the microbridge test 17 and Poisson's ratio of 0.347 ͑Ref. 19͒ were used in the FEA. Since linear elasticity was used in the FEA, the original biaxial stress in the flat film was set to be 1 GPa to simplify the final normalization process. The number of elements ranged from 45 758 to 119 305 as the island size increased from 3 to 60 m. Due to geometric symmetry, biaxial stress maintains at the coinshaped island centers.
The FEA shows that when the spacing between adjacent islands is larger than twice the island diameter, the interaction between them could be ignored ͑Ͻ0.5%͒, which is the guideline in the design of coin-shaped patterns.
As an example, Fig. 3 shows FEA results for an island of radius R = 25 m. Figure 3͑a͒ illustrates the in-plane stress along radial orientation ͑ r ͒, and the close-up view of r -distribution is given in Figs. 3͑b͒ and 3͑c͒ . The r stress component is tensile almost everywhere in the island except the edge part where stress concentration occurs. Figure 3͑d͒ shows the in-plane normal stress components r and , at the bottom and surface of the island, as a function of distance from the center. At and near the island center, as expected, r = and the stress at the surface is the same as that on the bottom face, illustrating the biaxial stress state. However, stresses at the island edge vary greatly. Figure 4 shows the biaxial stress at the island center versus the island radius, indicating an exponential decay of the original stress in the flat film. When the island radius is 3 m, the biaxial stress at the center is only 32% of the original level, meaning 68% of the original stress is released. The original biaxial stress is also relaxed in the thickness direction. The inset in Fig. 4 shows the normalized biaxial stress evolves from the bottom interface to the top free surface at the center point. Circles in Fig. 4 indicate the average values of the biaxial stress over the thickness direction of the thin film. The biaxial stress may vary greatly along the thick- ness direction in the coin-shaped islands with radius smaller than 7 m. Therefore, only the FEA results and Raman data for coin-shaped islands with radiuses larger than 7 m were chosen for further analysis to enhance the analysis reliability.
Based on linear elasticity, biaxial stress at each of the island centers was calculated by multiplying the normalized stress, shown in Fig. 4 , with the original film stress, which was measured in the present work by using the curvature method.
IV. RESULTS AND DISCUSSION
Wurtzite GaN crystal belongs to the C 6v 4 space-group and its first-order zone-center ͑⌫ =0͒ phonon normal modes can be specified into eight sets, i.e., 2A +2E 1 +2E 2 +2B 1 modes. Besides acoustic sets A 1 + E 1 , the remaining ones are optical vibrations, among which the 2B 1 modes are silent. 5 In our experiments, backscattering geometry was adopted and the incident light propagated along the ͓0001͔ direction, therefore E 2 and A 1 ͑LO͒ modes were allowed from the selection rules. 20 As an example, Fig. 5 shows the Raman spectra taken at centers of the coin-shaped islands of radiuses 56, 9.47, and 2.91 m. The Raman spectra from the 2.91 µm-diameter inland shown in Fig. 5 is not used in the flowing analysis because the variation of biaxial stress in the thickness direction, as mentioned above. Besides the strong peaks of F 2g mode of silicon ͑about 520 cm −1 ͒, the E 2 H ͑about 564 cm −1 ͒ and the A 1 ͑LO͒ ͑about 732 cm −1 ͒ phonons of GaN could be clearly identified. Both of E 2 H and A 1 ͑LO͒ phonon frequencies increased as the island radius became larger. This is because the biaxial stress level at the center of a larger island is higher than that in smaller island, as shown by Fig. 4 and reported in Refs. 21 and 22. In addition, Fig. 5 also shows that the full width at half maximum of the E 2 H and A 1 ͑LO͒ phonon lines are typically 3.83 cm −1 and 5.45 cm −1 , respectively, insensitive to the island size. Figure 6 demonstrates E 2 H and A 1 ͑LO͒ phonon frequencies as functions of the biaxial stress, indicating clearly linear relationship for both phonon modes. The error bar of E 2 H phonon is smaller than that of A 1 ͑LO͒. This is because the former phonon has a much larger scattering cross section. Linear fitting the experimental data gives:
For E 2 H mode vibration, the Raman biaxial pressure coefficient is measured to be 4.47 cm −1 / GPa, which is quite close to one of the most widely used values, 4.2Ϯ 0.3 cm −1 / GPa. 16 As mentioned above, the stress modulation method allows us to conduct the Raman tests over 40 different values of stresses so that the experimental results are more reliable. For the A 1 ͑LO͒ phonon mode, the Raman biaxial stress coefficient was only experimentally calibrated twice with the values of 0.9 ͑Ref. 13͒ and 1.91 cm −1 / GPa. 14 The present value of 2.76 cm −1 / GPa is closer to the latter value.
Furthermore, as stated in Eq. ͑1͒, Raman shift in GaN crystals may be expressed in terms of strain components x , y , and z and PDPs ␣ and ␤:
To determine the values of ␣ and ␤, we use the Raman biaxial pressure coefficients determined in the present work and the Raman hydrostatic pressure coefficients, which was experimentally reported by Perlin et 25 For the stress-free A 1 ͑LO͒ phonon frequency, the reported experimental value is the same as the theoretical prediction to be 734.0 cm −1 .
25
The present extrapolated value of 733.34 cm −1 is very close to the reported value. 25 Although the modulated biaxial stress range ͑minimum biaxial stress Min b = 746 MPa͒ is far away from the stress-free state, the fact that extrapolated intercepts from above expressions are satisfactorily consistent with the reported values calculated and/or measured from bulk samples indicates the validation of the proposed approach.
V. SUMMARY ͑1͒ Stress modulation method was proposed via patterning coin-shaped islands. By combining microfabrication techniques and three-dimensional numerical simulation, effective stress modulation is achieved with both of large modulation range ͑up to 35% of the original residual stress͒ and elaborate stress increments ͑about 15 MPa in this study͒. This method is powerful in experimentally calibrating PDPs of materials and in studying strain-induced phenomena of thin films. ͑2͒ With this stress modulation method, we studied the stress induced first-order Raman phonon frequencies of hexagonal GaN. The biaxial stress dependences of Raman frequencies were determined to be ͑567. 
